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| The discriminator output of an FM receiver can be used to frequency-
modulate the local oscillator in such a vay s to follow the frequency
excursions of the mcom:lng signal and thereby reduce the frequency modula-
tion present at the intermediate frequency. This application of negative
feedback has been known for over 20 years, but interest vas not stimlated
until recently when the principal advantage of feedback FM became apparent,
nemely its ability to operate at a reduced threshold compared with con-
ventional FM. .

The expense and difficulty of placing large weights into earth orbits
and interplanetary trajectories has stimmlated the exploitatiom of efficient
coommication and telemetering techniques which minimize the amount of
transmitter power required. Feedback FM appears to be a technigue wvhich
may find considerable uss in these applications.

For a given quality of service, power can be traded sgainst bandwidth |
depending on the amount of feedback used. Jarge amounts ofrfeedback insa
typical system can reduce the amount of transmitter power required by as
mich as 8 db while roughly doubling the rz;.dio channel occupied, compared
with a conventional FM system designed to minimize transmitter power.
However, mich of the indicated improvement can be attained by the use of
relatively small amounts of feedback, i.e., 15 to 20 d.b. Even if the
threshold were to behave in the idealized manner assumed in the analysis,
there would be little point in using more than %0 db of feedback.

Assuming an optimm detection process, a comparable PCM system requires
about 3 db less power tﬁ;m a conventional toll-quality FM system but about

5 db more power than a feedback FM system using 35 to 40 db of feedback. .
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However, the PCM gystem will require only about half the bandwidth of the
tmmqnﬁ

| While the computations presented here form en important basis for
eoq;arumotralandreedbaekmmtem,thochoieqnmspedﬁcqpu—
cation will also be influenced by cmsid:eratiom of circuit coxplexity,
miltiplexing probloms, ete.
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I. INTRODUCTION

The application of negative feedback to a.nv FM receiver was described
 1n 1939 Yy anfee(l) and Chrsm.(a) The technique consisted of frequency-
modulating the local oscillator with a portion of the ocutput voltage froa
the discriminator in such a phase as to reduce the ocutput voltage. Chaffee's

ebnee;pt- was to utilize feedback in the receiver to reduce the effective
carrier deviation and then to restore the original deviation by increasing
the oodulatien at the transmitter. He compared this system with one using
ideal limiters and concluded that there was no significant difference in
performance with regard to noise at either high or low levels of disturbance
although the use of teéd:back did result in a reduction of the distortica
produc{s produced by receiver nonlinearities.

Subsequently, others pofnted out that the principal advantage of the
use of feedba.ciz resides not in any abiiity to improve receiver perfcnﬁnce
ebove the improvement threshold (where, indeed, no significant change
results), but in its ability to reduce the signal level required to
achleve the improvement threshold. Morita and Ito(3) in 1960 (with a
reference to a 1953 patent), and Felix and Buxton(h) in 1958 reported the
application of feedback to the FM receivers employed in microwave redio

relay systems. In both cases, threshold improvements were noted, though

the performance data presented were somewhat sketchy. The Echo commmica-

tion satellite experiment of August 1960 was another application of feed-

back FM which demonstrated its ability to operate at reduced signal levels.
An equivalent system, dating back to 1940, was described by Rodicaov(>)

in 1960. Called "follow-up tuning,” it uses negative feedback to vary the

resonant frequency of a narrow-band, intermediate-frequency (I.F.) stage in
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accordance with the instantaneous frequency sf the incoming signal. As
with the feedback FM system described above, an improved resistance to the

interfering effects of noise is obtained by virtue of the decreased system

bandwidth. ‘

The expense and difficulty of placing 1#1_-33 welghts into earth orbits
and interplanetary trajectories has stimilated the exploitation of efficient
commnication and telemetering techniques which minimize the transmitter
pover required. Feedback FM appears to be such a technigue which may find
considerable use in these applications. For instance, Plerce and Kmmrner(s)
in 1959 proposed a satellite commmnication system using a modulation index
large enough to provide an output signal-to-noise ratio of toll quality

while operating at a near-minimum threshold obtained by the use of sufficlent

negative feedback.

The theoretical and experimental analyses to date have considered
only moderate amcunts of feedback because of the stability problems which
appear, as in any feedback application. Hevertheless, system analyses
based on the use of feedback FM frequently contemplate the use of signifi-
cantly greater amounts of feedback. That such amounts of feedback cannot
be attained at present is apparently regarded as a practical, not a theoret-
ical, limitation. ‘

Even if this supposition is true, it would be desirable to examine
the implication of the emount of feedback on the other system parameters.
This memorandum presents an analysis of the effect of feedback on an idealized
FM receiver in wvhich the improvement in the threshold performance is related
in a simple menner to the amount of feedback used. It is shown that the

amount of feedback can be regarded as the parameter controlling a power-
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Finally, comparisons are made with several comparable

pulse-code modulation (PCM) systems.

bandwidth trade-off.
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II. THE FEEDBACK FACTOR

An idealized superheterodyne FM receiver using feedback is showm {in
block dlagram form in Fig. 1. The tlov of the freguency-modulated signal
3 18 indicated by dashed lines, that of the demodulated signal by solid
1dnes. The incoming signal is heterodyned wita the local-oecillatar output
to convert it to the intermediate frequency vhere it is amplitude-limited
and then denndulated to yield the output signal. Kegative feedback 1s

achieved by using the ocutput to frequency-modulate the local oscillator

1n such a way as to follow the frequency excursions of the incoming signal.
? Ideal elements and perfect limiting are essumed, co that the FM signal
eanbechmcbeﬁzedemnplete]yintemofitainstantanmmq
alone., Thus, the modulation contained in the incoming s:l@al appears as -

a tims variation £(t) of its instantaneous frequency. BSimilarly, the local

A R A AT T 2

) oscillator has a frequency modulation 7g(t), when g(t) is the anplified
feedback audio signzl and 7 is the modulation factor of the local ossecil-

S lator. Assuming the local oscillator frequency to be lower than the carrier

rrequency,' down-conversion leeds to a frequency modulation £{t) - 7g(t)

at the intermediate frequency. An ideal limiter-discriminator with slope

factor £ then ylelds an auwdio output

R Y

oft) = B [f(t) ) 7s(t)] o
The feedback amplifier has a transfer function

Ho) = Alo) 1P sy @ = 2xf - (2)

*![he assumption i1s not essential; the converse assumption leads to the
same conclusions.
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vhere A{m) 1s the amplitude and p(m) the phase. characteristic. In terms
of the impulse response of the amplifier

n(t) = f Ko) e | (3)

the feedback signal can be written

g(t) = f g(t-m) h{T)aT (%)
o _

Substituting By. (&) in Eq (1) yields

e(t) = 'a[f(t) -7 f e(t-T) h(T)d'r] « ()
J .

as the defining relationship between the input £(t) and the output e(t).
let er(t) denote the output with feedback and eo(t) the output without
feedback (7 = 0). Egquation (5) can then be written once for each case and

£(t) eliminated between these two equations, yielding

ep(t) + p7 f eg{t - T) h(T)aT = e (t) § (6)
0 o

Taking the Fourier transform then gives

Eg(o) + prE(0)H(@) = E, (o) (1)

or, in terms of the output power spectra,
V(@)

Te + ] ©

Hy(@) =
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The foregoing analysis, though substantiai]:f equivalent to that made
by Charree,(!) has a serious defect which does not permit its free use in
predicting the output pover spectrum or in determ:lning' the stability
characteristics of the feedback locp. The deficiency arises from neg-
lecting the effect of the I.F. amplifier on the instantaneous frequency
of the signal it passes. This effect can be particularly serious when
the passband is made as narrow as possible in an effort to reduce the
amount bf noise admitted to the limiter-diseriminator. Not only is there
a change in phase and anmplitude of the instanteneous frequency, but distor-
tion terme are also introduced. This makes the system, in reality, a
nonlinear fee@a& network, an exact analysis of which appears extremely
difficult.

The principal virtue of the simplified analysis leading to Eg. (8)
is that 1t expresses the ocutputs in terms of a factor which is particularly
meaningful in an FM system. Consider the ratio, P, of the modulation on

the incoming signal to that appearing at the intermediate frequency, i.e.,

£t t
P o= ey el =1+57§H- (9)

vhere Eq. (1) has been used to eliminate £(t). Now, e(t) and g(t) are the
input and output, respectively,.of the feedback amplifier so their ratio
in Eq. (9), vhen e(t) is restricted to a single, steady-state sinusoiad,

18 simply the ‘transfer function H(w), end the feedback factor can be

defined as

F = 1+prH@) | (10)
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For sinusoidal modulation, the feedback factor relates the amplitude and
rhase of the frequency modulatien at the intermediate frequency to that ef
tbe incoming signal.

In coaventional FX terminology, the megnitude of the feedback factor
i therefore equal numerically to the reduction of modulation index {or
deviation ratio) which it produces. From a feedback amplifier point of
view it alse corresponds to the gain of the feedback loop, so the convention
of expressing the feedback factor in decibels, i.e.,

F = 20 log [1 + ByA(m)] dab (1)

wvill be edepted for subsequent computational purposes.
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JIX. THRESHOLD EFFECTS

As 1is well known, a system employing frequency modulation exhibits an
i=proverent-type behavior. That 1s, the output noise m.doea not de-
crease unifornly as the input carrier power 1s increased. Insteed, a
quieting effect occurs at a level of carrier power referred to as the
improvement threshold. In the vicinity of this Wt threshold,
the output noise pover varles abruptly. Typical quieting curves are shown
in Fig. 2 to illustrate this behavior. For satisfactory performance, the
systen mst op=rate above its improvement threshold.

Above the irmrovement threshold, the cutput signal-to-noise ratio of
an FH{ systen using a modulation index M for a modulation baseband B is
given ') -

.§=3142§-;-;, ua% (12)

L e
vhere P/n 1s the ratio of carrier power to the noise power spectral density

and D 1s the carrier deviation. The factor 3M? is referred to as the FM
improvement factor as compared to amplitude modulation.

A useful approxiration to the bandwidth W occupiled by an FM signal is
glven W(G)

w = 2(1+MB | (13)

’Pigures 2 end 3 are adapted from Stumpers (Ref. 7, Figs. 2 and 3).

il'“Si_m:e these quantities appear in ratio, they may be considered at
any convenient point in the receiver (prior to the limiters) beyond which
no significant noise contributions are made. A point early in the I.F.
arplifier 18 convenient for this purpose.
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Fig. 2—Typical FM quieting curves
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and a filter with s passband given by Eq. (13) is normally considered to
be the narrowest through which an FM signal can be transmitted with toler-
able (in térms of voice quality) distortion. The I.F. amplifier of a
commmication receiver is usually deaigfxed to have a near-flat transmission
characteristic, with a bandvidth given by By. (13), in order to minimize
the noise power appearing at the discriminator input (thereby minimizing
the carrier power required to achieve the improvement threshold).

Vhen feedback is employed in the receiver, the modulation index, and
consequently the signal bandwidthvat the intermediate freguency, is reduced.
If the modulation index at the radio frequency is M, then the modulation
index et the intermediste frequency becomes M/F and the spectral widths of
the FM signals at the two frequencies can be written

Ve = 21 +M)B, W = 201+ M/F)B (1%)
respectively.

| If there were no other considerations, the bandwidth of the I.F.
amplifier could simply be narrowed to the reduced amount given by Bg. (1h%).
However, stability criteria as presently understocd appear to prohibit
such an approach. Consequently, as the I.F. amplifier characteristic is
forced to depart from the rectangular, it can be expected that both the
shape of the improvement-threshold characteristic and the carrier-to-noise
ratio at which it occurs vi].l"be affected.

Further analysis is certainly nccessary before these questions can be
resolved, but it seems reasonable to speculate that the simplified approach
of narrowing the I.F. bandwidth will yield results which represent a theo-
retical limit to the improvement which can be obtained by the use of feed-

back. The system analysis to follow is based on such an a.sstmption.
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For eonventional FM, the improvement threshold is found to occur when
the carrier-to-noise ratio at the intermediate frequency is about 12 db,‘(s)

80 the carrier-to-noise ratio at the improvement threpho].d will be taken

P
2{(1 + Fm'ls » (15)

Practical systers using smmll or mpderate amounts of feedbazk will
probably come close to achieving the threshold condition cssumed. Systems
with large amo'mts of feedback, as presently conceived, can be exspected
to fall short of this ideal. TFortunately, the effect of this failing is
mitigated by the fact that the analysis presented in the next section
indicates that large amounts of feedback are not necessarily desirable,
even on a purely theoretical basis; first, beeﬁuse cnly a small actual
carrier pover saving remains beyond that ylelded by moderate amounts of
feedback and, second, because the system bandwvidth required when using
large amounts of feedback may prove excessive.

The threshold ckaracteristics are illustrated in Fig. 3 for a conven-
tional FM system having a modulation index of 9. According to Eg. (1h),
the signal bandwidth at both the radio and intermediate frequencies is
20B so, from Eq. (15), the carrier-to-noise ratio at. the improvement

threshold (referred to a bandwidth 2B) becomes 22 db. The output signal-

*Mere 1s en apparent inconsistency of about 2 db between this value
and the 10-db threshold which might be inferred from Figs. 2 and 3. The
choice of the leval of carrier-to-noise ratio at which the improvement
threshold occurs is a subjective matter at best since a drastic change .
tekes place in the character of the output noise in its vicinity. This,
plus the fact that the 10-db figure derives from idealized theoretical
considerations, probably accounts for the difference.
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increased to restore threshold output SNR:

H MRF='7' WR;=3681 F=9(i9db)

: o 50
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%{ Y
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1 e M=9, War =W, =208

i i FM with feedback,

E 30 no change in .

s . - modulation index: M = modulation index

H i Mge = 9, Wqp = 208: W= signal bandwidth

= 20 F =9 (19 db) B = baseband _
. © Mr =1, We248B F = feedback foctor

I W=2(1+M)B

4 10 ! |

-20 -10 0 e, 20 30 40 50
! Carrler—to-noise ratio in 28-db

Fig. 3 —Output and threshold characteristics

i for feedback FM systems
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to-noise ratio at the improvement threshold is given by Eq. (12) as k6 ab.
Below the improvement threshold the output signal-to-noise ratio falls off
rapidly; above, it increases linearly with the carrier level.

Applying a feedback factor of 9 (19 db) at the receiver, for example,
reduces the modulation index at the intermediate frequency to wnity end
the signal bandwidth to 4B. This reduction permits the I.F. bandwidth
to be decreased by a factor of 5 with a resulting noise reduction of 7 db.
Consequently, the threshold carrier power can also be reduced by the
same amount.

Unforttmate]y, the output signal-to-noise ratio at the new improvement
threshold 18 also reduced by the 7-db factor. For some applications this
could be viewed as an Iincreased margin against dropout, but it is only '
obtained by providing degraded service below the original improvement
threshold. If & minimum output signal-to-noise ratio is stipulated for a
gystem and the system i1s designed to provide this service at the improvement
threshold, then the use of feedback at the receiver alone is of no real
value. From the system point of view, it is necessary to increase the
modulation index and thereby restore the original threshold output signal-
to-noise ratio.

- For the example chosen, the modulation index should be increased to
17.% The feedback reduces this to 1.9 at the intermediate frequency, with
a resulting signal bandwidth of 5.8B. Compared to the original bandwidth
of 20B, a carrier power saving of 5.4 db becomes possible. The increased FM

improvement permits the system to achieve the output signal-to-noise ratio
of 46 db at threshold despite the reduced threshold carrier-to-noise ratio.

*As will be shown later; see Fig. 5.
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Raising the modulation index to 17 increases the bandwidth of the
radiated signal to 36B in contrast with the original value of 20B. This
bandwidth increase by a factor of 1.8 1s the trade-off required to realize
the carrier power reduction of 5.b db. In general, the extent and nature
of this trade-off between power and bandwidth will depend on the output
signal-tco-noise ratio desired at the inprovement threshold and on the
amount of feedback used in the receiver. |
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IV. SYSTF4 PERFORMANCE

Tor a specified minimm output signal-to-noise ratio and a given

‘amount of feedback, the simmltaneous solution of Egs. (12) and (15) will’

yield a unigue, optimm mdulatit;n index. 'The result of using other values
1s 11lustrated in Fig. 3. At lower values of modulation index the improve-
ment threshold is lowered but so also is the thresbom output signsl-to-
noise ratio. Consequently, the carrier power must be increased to yleld
the desired output' quality. From Eq. (12), the relaticaship becomes

2

= '(-‘i‘-"’%) , o ON<N (16)
£

The result appiies whether or not feedback 1s used, and is seen to be
substantial even for reiatively modest decreases.

The use of a modulation index larger than the optimm alsc increases
the pover required. In this easé, hovever, the increase is needed sinply
to achieve the inmprovement .threshold, though, once attained, the cutput

signal-to-noise ratio becomes greater than the minimom gpecified. From

- Eq. (15) it follows that

Though extravegant in the use of spectrum, thepenqlwuwtsosevere;
for systems with feedback 1t is further reduced.

To differentiate between general conditions and those at threshold,
let C denote the level of carrier power at which the improvement threshold
occurs. From Eg. (15) the threshold carrier-to;ﬁoise ratio dbecomes

A pomntpee,
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-2—% = 16 (1 +%) | | (18)

Subr;titutmg in Bg. (12) then yiehis
[ (%)wmh - 881 ) | (19)

1 for the threshold output signal-to-noise ratio. A plot of Eg. (19) is
glven in Fig. 5 for threshold output signal-to-noise ratios of from 20 to

: 50 db for various amounts of feedback. In accordance with Bg. (11), 0 b

’ indicates a feedback factor of unity (i.e., no feedback, as in a conventional
FM receiver'), 20 db indicates a feedback factor, and hence, a modulation-
index reduction, of 10, ete.

- The power-reduction ratio for FM systems using feedback can be obtained

from Eq. (12) by writing it at threshold for systems with and without feed-
back, then equating these to express corresponding thzfeshold' performance.

This ylelds

c& . (_g) (20)

o B ¥

where the subscript denotes the feedback in decibels. The bandwidth-
increase ratio 1s obtained directly from Ey. (13) as

;1-';-:—& (21)
& o %

*It 1s interesting to nota that the modulation index of 5 employed in

- commercial FM broadcasting assures an output signal-to-noise ratio of 39 db
at threshold. High-fidelity reproduction of msie 1s presumably not possible
at lower signal-to-noise ratios, hence, the addition of feedback to a receiver
alone would not be profiteble; however, the reduction of internx:dula.tion Ppro-

ducts(1) may prove significant.

THIACA Y 1, gt o,
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The values orxoan&urtobeuseqmnga. (20) an (21) are the solutions
to Hg. _(19) given in Fig. 5. These ratios are ploited in Fig. 6 as a power-
bandvidth trade-off.

The general behavior at the extremes of threshold outpub sigual-to-
noise ratios can be deduced by substituting Ej. (21) into B. (20), giving

% 1 |
% [_1_(3'2 R
Yo \"% ) Yo ~
and noting that
2
G ("o) s »
— 0 — for | =—
L 2 v |
and
).}
cl? "o S »*
-c—l; s j‘g for (ﬁ)ﬂn-esh smll , - (24)

The inverse second- to fowth—i;ower trade-offs of carrier pover and
channel bandwidth ere readily observed in Fig. 6, but the effect of feedback
is obscured. The same trade-off is shown as an isometric relief in Fig. T

fSeeHsureﬁz
ll°>>lvhen(%) 2 50 ab, My=s 1 vhen (£) = 20 @b.

“Let WMy = 1 + & 1n By, (22). Then, for M ss 1 and A suell,

Ce 1 1
T, (1 + 28)° ® @ +a)t

e 0 L B g
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vhich, togethexr with Fig. 6, portrays clearly the diminishing retwrns from
the use of large amounts of feeﬁback. For instance, a system having a
threshold output signal-to-noise ratio of %0 db has a maximm carrier-:
pover reduction capability of 8.2 db. A feedback factor of 30 @ (equiva-
lent to a modulation-index reduction of 31.6) achieves 6.8 db of this
amount. Increasing the feedback factor to 40 db {a modulation-index
reduction of 100) yields only an additional 0.8 db power saving, while
increasing the chennel bandwidth from 2.0 to 2.2 times that of the system
without feedback.

Figures 6 and 7 shov that substantial amounts of carrier power saving
are possible only in high-quality systems. However, the modest savings
of carrier power possible in 1ow-guality systems require only slight band-
width increases. For example, a power saving of as much as 10 db is
possible only in & cysten having a U5-db threshold output signal-to-noise
ratio snd requires, incidentally, tripling the chaonnel bandwidth. Oa the
other band, a system with a threshsld output signal-to-noise ratio of 20 db
can achieve a 3~db power saving with only a 20 per cent increase in
bandwidth.
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Y., SYSTEMS COMPARISON

The utility of the power-bandwidth trade-off as an aid in evaluating
gystems can be enhanced by displaying the trade-off simliteneously for 7
various systems of comparable oulput performance. An exemple of interest
18 that of a single satellite-borne relay serving as the transoceanie
element of a telgpbone system. Tor a multichannel system, the weakest
link will 1ikely be the satellite-to-earth repeater, which will have a
limited capability for radiating signal power. Thus, modulation techniques
which make the most efficlent usc of the availeble power will be preferred,
providing the problems of circult complexity, spectrum utilization and
muitiplexing are reasonable.

For the circuit cited, freguency modulation (FM), with or without
feedback, and pulse-code-modulation (PCM) can be considered as feasible
modulation techniques which effect a power-bandwidth trade-off. These
will be compared by refereacing them to single-sideband (SSB) mcdulation,

since it has a channel bandwidth equal to the modulation baseband, i.e.,

W, = B

SSB (25)

and since its output signal-to-noise ratio is equal to the parrier-to-noiae.
ratio in the channel

@, - = (26)

*Me term "carrier” is used loosely here to denote the total radiated
signal power. The SSB system considered is actually a suppressed-carrier

system, so the entire radiated signal power appears as sideband energy.
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The corresponding relations for FM are given by Egs. (12) and (13).
For equal threshold output signal-to-noise ratios, equating ,a'qs. (26) and
(12) yields the caxrrier-power ratio -

..c@_...?.. : - ' (gn

The channel-width ratio, from Fgs. (23) end (13) 1s

w ‘
-——wm = 2(1 + K) . : (a)
88B

The performance characteristics of FCM have been well investigated. (8_.1.1)
It need only be said in review that the intelligence in baseband B cps 1s
sampled every 1/2B cec at the transmitter and that these samples, in a
binary N-digit system, are quantized to cme of 2" discrete levels which
ere then each represented by unique sequences of N binary pulses (1.e.,
ca~-off, mark-space, etec.). On reception of the pulses, the N-pulse sequences
are reconstructed into the sample values from which the original signal is
then reconstituted.

It 1s apparent that two sources of noise are present. One is the
error noise due to faulty reception of the individual binary pulses, and
the other 1s the quantization noise produced by the granularity of the
quantizing process. Though different in oxigin, thelr effects, vhen con-
sidered as nolse interference, are not significantly different and, since
they are independent, their meanﬁ square values are simply added to determine

the total noise.
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The quantization noise, of course, depends only on .the nunber of digits
used and leeds, for e signal occupying each of the 2' quantization levels
with equal probability, to an output signal-to-nolse ratio,

(B) =" | (29)

The error noise falls off exponentially with the input carrier-to-noise

ratis, since it depends solely on the pulse error probability, p,
s) ' 1
F = 5=~ ptq=1 | (30)
(N error Pa _

A well-defined threshold occurs at the point where the signal-to-noisa
ratios due to quantization and pulse errors are equal. When the signal
levél 1s only 1 db above this threshold, the output signal-to-noise ratio

is datermined almost exclusively by Eq. (29). The error probability at ths
threshold 1s '

(5 + 1)

P(l-p) = (31)

(12)

Reiger shows that the error probebility for an optimm linear detection

system 1s related to the normalired signal energy, & = E/n, by

1[ 2 :
P = exp(- y“ )y (32)
. -\/X & ,

where B 18 the total pulse energy. Since the pulses arrive at the rate of
2NBfsec, the carrier power of the received PCM pulse train then becomes

Cpoy = 2NEE = 2NBx ' (33)
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The carrier power required for a 83B system having the same output
signal-to-noise ratio as a PCM system 15 found by equating Fgs. (26) and
(29), yleldaing

C
8GR N
m - vl (3%)
The ratio of carrier powers then becomes
C
_;Pg_l = R (35)

Csss 4% .

The normalized signal energles end output signal-to-noise ratios at
‘threshold for 6, 7 and 8-digit PCM systems are listed below:

N «a (s/8)

6 8.7 dab - 36.1 db
1 9.5 @ k2.1 ab
8 10.0 db 8.2 ab

The normalized signal energies can be reduced by 1.4 db 1f weighted Peu(Y)
is used; noncohcrent detection imposes a b-db penalty.

As for spectral occupancy, the PCM pulse train of 2NB mdseé/sec can,
in theory, occupy a dandwidth as little es NB cps. Practical systems,
however, will usually occupy more specirum, so this fact will be expressed
in a PCM channel-width formila

Voey = ¥B, k>1 (36)
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ly the introduction of & shape factor k. Present tectniques indicate that

amtimmtfmkmabmmuammeuﬂ}
The ratio of bandwidths, from Eqs. (23) and (36) 1s

- = k¥ : (37)

Bquations (27), (28), (35) and (37) are plotted as normalized trade-
offs in Figs. 8, 9 and 10 for 6, 7, =nd 8-digit FCH systems, respectively,
each with a comparsble FN system. The shapa factor k and the feedbmeck
factor F are shown as parameters. The values of modulation index M to be
used in Egs. (27) and (28) are obtained from Fig. 5.

Apart from considerstions of circult and system conplexity, the trade-
offs indicate that an optimm PCM system 18 superior to a conventional FM
system by from 2.5 to 3.5 db, for the systems shown, in its wtilization
of transmitted pcwer. In theory, PCM is also more efficient in its use of
radio spectrum but practical factors tend to make good PCM systems
(2 > x > 3) occupy approximately the sams redio spectrum as couventioual FM.

Tha epplication of feedback to Fi in substantial amounts virtually
reverses the situation. The FM systems shown then require % to 6 db less
pover than comparable FCM systems, but the transmitted spectrum 1s increased
considerably. For example, the 42-db feedback-FM system requires sbout
twice the spectrum of a comparable 7-digit PCH system of good design. FM
mtmsofﬂgherqmliwmpenalizedsmmhmthebgﬁvﬂth-pm
trade-off as compared with FCM systems.
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VI. CORCLUSION

The analysis indicates that the use of feedback in an FM cazamication
system will permit a pover-bandwidth trade-off which can result in power
savings of as much es 8 db, deperding on the threshold signal-to-roise
ratio desired. The rxradio spectrum required for the transmission will be
increased by a factoxr of two or more compared with a conventional FM
system of the same quality.

It is important to optimize the design of FM systems bty using the
modulation index which permits the system to attain the minfimmm acceptabls
output signal-to-noise ratio at its imrprovement threshold. Non-optimm
modulation indexes, particularly lower ones, can increase the power
requirement for a given grade of service by es much as 10 db or more.

The degree of the power-bandwidth trade-off achieved depends on ha
. amount of feedback used. For a practical system, mch of the indicated

improvement can be attained by the use of rela.tivel& small amounts of
feedback, i.e., 15 to 20 db. Even if the threshold were to techave in the
1dealized manner assumed, there would be 1little point in using more than
40 b of feedback. | : |

Assuming optimm detection, a 7-diglt PCM systea requires sbout 3 db
less pover than a comparable conventional FM system, but about 5 db more
WMafeem¢mwmmm 35 to 10 ab of feedback. However,
the power-bandwidth trade-off is more favorable for the PCM system, which

, requires a channel only 14 to 21 times the width of the baseband compared

with a value sbout twice that for the feedback FM system.

¥hile the computations presented here form an important besis for

comparison of PCM and feedback FM systems, the choice in any specifie
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epplication will also be influenced by considerations of circuit complexity,
miltiplexing problems, etc. ‘
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